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I. INTRODUCTION
A RECOGNISED consequence of ageing is a reduced level of mobility. This problem comes as a consequence of several factors, ranging from the reduction of physical abilities to a weakened confidence of being in control of the surrounding environment. A reduction in mobility can have severe consequences on the life of the afflicted, including an increase in the probability of falls and the exacerbation of such physical problems as diabetes or articular diseases. What is more, older adults who spending most of their time at home are deprived of essential social relations and tend to reduce the quality of their nutrition. The result is a self-reinforcing loop that accelerates physical and cognitive decline [1] .
An effective strategy to offset the nefarious effects of a reduced mobility is to resort to the full range of options offered by modern robotic technologies. The EU Research project This letter has supplementary downloadable material available at http://ieeexplore.ieee.org, provided by the authors.
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ACANTO [2] aims to develop a robotic friend (called FriWalk), which offers several types of cognitive and physical support for the navigation in complex environments. The FriWalk revisits the idea of the classic "rollator", a four wheel cart used to improve the user's stability and offer him/her physical support.
The FriWalk is endowed with sensing and computing abilities to localise itself in the environment, to interpret the social context and to generate safe routes that the user follows with safety and comfort. The user is then guided along the path using a Mechanical Guidance Support (MGS). In this letter we will make explicit reference to the path following problem since it is an unavoidable component to implement all the functionalities of the FriWalk [3] . In particular, a path planning algorithm [3] , [4] will be used to generate obstacle-free suitable paths that allow the vehicle to reactively move both in static [4] and dynamic environments [3] , such as public spaces. Therefore, we will suppose that the path to be followed is given. If the path is properly followed by the robot, tasks as mapped obstacle avoidance and corridor following (see e.g., [5] ) are indeed solved. One of the key requirements of the FriWalk is to simplify the mechanical design in order to make the device cost affordable to a large number of potential customers. A possible way to achieve the goal is to utilise electro-mechanical brakes in the MGS. This solution has several advantages. First, the brakes are a dual use device. They can be used to stop the walker in case of emergency or when the user wants to use the seat. But, they can also be used to guide the walker by applying different torques on the two rear wheels (differential braking). Second, the absence of traction on the wheels makes the FriWalk a passive robot, i.e., a robot that needs to be pushed by the user to move. Passive robots are arguably safer than their "active" counterparts, since they cannot generate accidental motions that could cause injuries to the user or to other people in the surroundings.
Examples of passive robots are the ones developed around the COllaborative RObot (COBOT) paradigm [6] , [7] , a particular subclass of assistive robots [8] . The passive robot idea has been extended and applied to a number of intelligent walking aids, ranging from steering-only controlled walkers [9] to fully actuated assistive carts [10] . More directly connected to the work presented here is the passive walker proposed by Hirata et al. [11] and further developed by Saida et al. [12] . In the work of these authors, the robotic device is a standard walker (pretty much like the FriWalk) with two caster wheels and a pair of electromagnetic brakes mounted on fixed rear wheels, whose braking action is modulated to steer the vehicle towards the desired path. A similar idea can be found in the work proposed by Fontanelli et al. [13] , [14] , where braking system intervention is minimised to enhance the user's comfort. A common claim of all these letters is an excellent accuracy in following the path. A common limitation is that they all require expensive devices for sensing (human applied forces and/or braking torques) and a precise actuation mechanisms, which can effectively modulate the braking torque.
In this letter, we advocate a different philosophy, which can be condensed in the following statement: the guidance system can rely on the user's abilities to navigate autonomously and needs to intervene only when the walker is not properly oriented to approach the desired path. In other words, we are aiming at sharing the control authority with the user [15] , [16] , without using complex systems to interpret the user's behaviour as in [17] . Once the controller has intervened with a quick correction, the user could re-gain control of the motion. Translating this philosophy into a control algorithm requires different methods from those used by the authors cited above, who aim at a fine grained control of the position of the user on the path. A useful inspiration come form the work of Ballucchi et al. [18] , [19] and of Andreetto et al. [20] . In both cases the authors propose an all-or-nothing (bang-bang) control action, which guarantees asymptotic tracking of the path. Such ideas cannot be directly used in a service robot like the one of this letter, since they generate a "chattering" behaviour which is annoying and difficult to interpret for the user. In [21] a solution to this problem have been studied by relaxing the path following requirements. However, the practical application of the proposed method is impaired by the presence of an unavoidable actuation delay, which stems from the limited dynamic of the electromechanical actuation. Moreover, in order to implement a desired level of control authority sharing between the user and the robot, a simple tuning parameter is needed. Finally, the maximum deviation from the path should be measurable and guaranteed for a safe application in a real scenario. In preparation of a large experimental round with senior adults, we have collected quantitative and qualitative data on a number of PhD students and of staff members and made preliminary tests with a small group of elderly users. In the tests with the seniors, a tablet acting as visual aid (that will be present in the final version of the walker) is integrated on the robot to better simulate the real working conditions. After a relatively short learning time, all the subjects were able to successfully execute their navigation task despite the simplicity of the proposed actuation.
The letter is organised as follows. In Section II the problem to solve is described in details, while Section III discusses the proposed solution. Sections IV and V report the simulative and experimental results, respectively. Finally, Section VI presents the concluding remarks. Due to the presence of two fixed rear wheels and two front caster wheels, the walker kinematic is modelled as a unicycle vehicle, whose dynamic equations are
where the coordinates (x, y) identify the position O m of the mid point of the rear wheel inter-axle expressed in W , θ is the yaw angle of the walker, v > 0 is the forward velocity of the vehicle (i.e., the velocity of O m ), and ω is the angular velocity of the walker. We can also define the vehicle moving
with X m pointing in the vehicle forward direction and Z m parallel to Z w (see Fig. 1 ). This way, the vehicle yaw angle θ is the angle between X m and X w . The model (1) describes the passive nature of the walker, which has only one controllable input, that is ω, and an exogenous input imposed by the assisted person, i.e., v. Since we are dealing with a very rough control action, expressed by an allor-nothing paradigm, and denoting by 2 R the length of the rear wheel inter-axle, the control input ω is quantised and expressed by the following control alphabet: Remark 1: In the experimental tests, when the vehicle is commanded to go straight, the real dynamics of the yaw θ strictly depends on the user's accuracy. In other words, θ does not remain necessarily constant as suggested by (1) when the command is ω = 0 (no control action), since the user may steer the vehicle. On the contrary, when the vehicle is forced to steer by the actuation system, i.e., ω = ± v R , the commanded velocity overrides the user's input, then the yaw evolves according to the dynamicsθ = ± v R .
Remark 2:
In a real scenario, wheel slippage cannot be ruled out. In this case the input equation ω = ± v R no more holds exactly. Nevertheless, the free wheel (the one which is not blocked) moves faster that the blocked wheel (which slides), hence the vehicle still steers towards the desired direction, even if the correction is less than desired. From experimental evidence in Section V-A, this effect is not so relevant in a real scenario.
We study the path following problem by adopting a Frenet frame 
where the path curvature is c(s) = dθ d (s)/ds. The state of the dynamic system can be equivalently though asχ
A. Problem Formulation
By means of the coordinates l andθ in (2), the path following task can be formulated as an asymptotic stability problem. Indeed, given two arbitrary non-negative constants l ∞ ≥ 0 and θ ∞ ≥ 0, we aim to satisfy
where t denotes the ordinary time. Conditions (3) require that the path is followed with an arbitrary small error, which is commonly set to l ∞ =θ ∞ = 0, i.e., requiring that the vehicle gets to the path and follows it with zero error. Although the results proposed in this letter allow the solution of the path following in the classical sense (l ∞ =θ ∞ = 0), the choice l ∞ > 0 andθ ∞ > 0 is strictly recommended for three main reasons. First, the difference between zero error and arbitrary small error is negligible in practice. Second, the relaxation of the classical path following problem avoids the chattering phenomenon when a generic path is followed, i.e., infinite switches between the quantised control actions [20] , which is an unavoidable requirement whenever the controller is actually implemented on a real prototype. Third, the relaxed version of the path-following problem (3) gives to the assisted person the control authority in the (safe) proximity of the path, allowing the user to freely act in the absence of safety issues. This way, the control system is required to intervene only if the person departs from the neighbourhood of the planned path, thus retaining more control to the user over better task performance [16] . 
III. A PRACTICAL PATH FOLLOWING SOLUTION
Possible theoretical solutions to the classical path following problem (conditions (3) with l ∞ =θ ∞ = 0) are reported for example in [19] , [20] . In [19] the input angular velocity
on the basis of the actual path coordinates l,θ. In particular, the state space (l,θ) is partitioned into a set of non-overlapping regions, each one corresponding to a value of the input ω in the set {− v R , 0, v R }. This solution has been generalised in [20] introducing an approaching angle δ, which defines the way in which the path is approached, borrowed from [23] . For instance, if |δ| = π 2 , the vehicle approaches the path perpendicularly, while δ = 0 makes the vehicle to move parallel to the path (see Fig. 2 ).
The convergence is guaranteed by computing the approaching angle δ on the basis of the distance from the path l, provided some properties of the function δ(l) [20] . More in depth, let us define the feedback control law ω = h(l,θ) as
which solves the classical path following problem (3) with l ∞ = θ ∞ = 0 by ensuring thatθ → δ(l). The main result of [20] is summarised in the following theorem. An example of function δ(·) satisfying these conditions is
The proof of the theorem is based on the following Lyapunov function
and on the capability of the controller (4) to steerθ towards δ(l) in finite time, i.e.,
Notice that to limit the number of braking actions, the steering angle δ should have a varying rate smaller than the maximum angular velocity of the vehicle [20] , i.e.,
As a final remark, the almost global asymptotic stability property mentioned in Theorem 1 refers to the possible singular points whenṡ is undefined, i.e., c(s)l = 1.
Although the solutions proposed in [19] , [20] are of relevance, they are unavoidably based on the chattering of the braking actions, i.e., the controller requires infinite switches between the control action {− v R , 0, + v R } to accurately follow a generic feasible path. This is completely out of the question whenever the controller is applied to an actual human-robot mechanical interface. Indeed, besides the practical limits of generating a number of infinite switches in finite time subject to the brakes limited dynamics, the human perceives a system that persistently brakes and release the back wheels, thus generating a sort of mechanical Pulse Width Modulation, which generates discomfort.
A. Anti-Chattering Hysteresis Controller
Theorem 1 is based on (7), which roughly speaking states that the vehicle goes towards the desired path if it has a proper orientation, which varies according to the distance l by means of δ(l). However, this behaviour (mathematically expressed by the conditionV ≤ 0 in (7)) is ensured even if |θ − δ(l)| is "small enough" but different from zero. Notice from Fig. 2 and dynamics (2) that a sufficient condition to ensure that |l| decreases is
In other words, whenever condition (9) is verified, the vehicle reduces its distance from the desired path. Then, since function δ(·) is monotonic (see Theorem 1), both l andθ can be maintained small by limiting |θ − δ(l)| only. To this end and to avoid the chattering phenomenon, a control action is applied only if |θ − δ(l)| is greater than a certain threshold T q 2 . Below this threshold, no control action is applied. The immediate effect of this choice is that the path following problem (3) is solved with l ∞ > 0 andθ ∞ > 0 and that, again, the control performance are worsened to retain higher perceived authority to the user [16] . To design our anti-chattering controller, we introduce the following quantities: 1) T q = |δ(l) −θ|, i.e., the angular error of the vehicle; 2) T q 2 > T q 1 > 0 are two positive angular constants. The condition T q 2 > T q 1 will be used to activate the quantised controller with angular hysteresis;
v R } as the feedback static map that returns the value of the angular velocity ω to steerθ towards δ. In particular, h(·) coincides with h(·) proposed in [20] (and reported in (4)) if T q ≥ q > 0, while it returns zero if T q < q . In practice, the vehicle is controlled above the angular threshold q ∈ (T q 1 , T q 2 ), otherwise the user is in charge of the motion: this is the basic idea of the control authority sharing [15] , [16] . The proposed hysteresis-based controller is defined using hybrid systems theory [24] as
where q is a logic state variable that has discrete dynamics ensuring that it can assume the values 0 or 1 only and
T is the overall state of the hybrid system. The flow 
where T q 2 > T q 1 are, as aforementioned, two positive constants defining the hysteresis mechanism. If (8) holds, the path is admissible and the control is activated, we have [20] 
then T q always decreases, i.e., the controller steersθ towards δ(l). Notice that, if the controller is always active,θ → δ by maintaining a constant value of the input ω: in practice a wheel would be blocked and the vehicle would rotate around the contact point to orient itself toward δ in finite time. This is fundamental since the control action is modified in the discrete dynamics only, i.e., when q jumps as defined in (11) . In particular, if q jumps to 0 (necessarily from D 1 ), the discrete dynamics sets ω + = h(χ) = 0 (no control action is applied) since q > T q 1 and h(χ) = 0 in D 1 (i.e., T q < q ). If q jumps to 1 (necessarily from D 0 ), the discrete dynamics sets an input ω
R } that steersθ towards δ(l). As a consequence, T q reaches in finite time the inner threshold, i.e., T q ≤ T q 1 . From this point on, the control authority is given to the user (see Fig. 3 ) and, hence, it may or may not reach the outer threshold T q = T q 2 . If it does not happen, the user is following the path with the desired precision, otherwise the hybrid controller overrides the user's commands and, by means of (12), it reaches again in finite time T q ≤ T q 1 . It turns out that from this behaviour we can ensure that in finite time T q ≤ T q 2 and remains inside this region. Notice that q is the guard deciding the value of h(χ) (i.e., what the control action is), T q 1 and T q 2 are the guards deciding when the control action should be applied. The properties of the proposed controller are established by the following theorem.
Theorem 2: Consider the system (1), an admissible path, and two positive constants l ∞ andθ ∞ . Choose δ(·) as in Theorem 1. Then, there exists a constant T q 2 such that the hybrid controller (10) makes the path following requirement (3) to hold.
Proof: Suppose for simplicity that if T q ≤ T q 2 the controller is not active, i.e., the user has full control authority. This assumption is precautionary since it is possible (depending on the past history of q) that the controller is active if
The proof is divided in three steps: 1) We first prove the existence of a l cr > 0 such that l enters the region |l| ≤ l cr in finite time and remains inside;
2) Then, we prove the existence of aθ cr > 0 such thatθ enters the region |θ| ≤θ cr in finite time and remains inside; 3) Finally we prove thatθ cr and l cr can be made arbitrarily small by choosing the hysteresis parameter T q 2 to guarantee that the conditions (3) hold. Existence of l cr : since, by means of (12),Ṫ q < 0 when the control is active, the controller guarantees the system enters (in finite time) the region T q ≤ T q 2 and remains inside. From this region, we have
i.e., |l| decreases. Since δ(·) is continuous and monotonic, then its inverse δ −1 (·) exists. Hence, let
be the critical value of l. Notice that if |l| > l cr , we have that T q 2 < |δ(l)| and, by the fact that T q ≤ T q 2 , the left-hand side condition (13) is satisfied, thus implying ll ≤ 0. This fact obviously holds even if no control action is applied. On the other hand, if |l| ≤ l cr it may happen either that the control action is applied or not, hence the inequality ll ≤ 0 in (13) may or may not be guaranteed. Nonetheless, since the vehicle enters the region T q ≤ T q 2 in finite time and remains inside, the vehicle necessarily enters also the region |l| ≤ l cr in finite time and remains inside as well. This behaviour justifies the adopted name of critical value l cr . Existence ofθ cr : suppose that the system has already entered the region T q ≤ T q 2 and the region |l| ≤ l cr . As a consequence of |l| ≤ l cr , the maximum value that |δ(l)| can assume is |δ(l cr )| = T q 2 because of monotonicity. Then, by definition of θ, the maximum value that |θ| can assume in the region T q ≤ T q 2 is the critical valueθ cr := 2T q 2 . Similarly to the previous case, θ enters in the region defined by (13)θ cr and never leaves it.
Requirements (3) satisfaction: we have shown that the vehicle enters the regions |θ| ≤θ cr and |l| ≤ l cr in finite time and remains inside. By noticing thatθ cr = 2T q 2 and l cr = |δ −1 (T q 2 )|, we have for continuity
As a consequence, given l ∞ > 0 andθ ∞ > 0, there always exists a T q 2 sufficiently small to ensure l cr < l ∞ andθ cr <θ ∞ and hence the proof.
The proposed hybrid controller has the following relevant properties:
1) The hysteresis depends on two thresholds T q 1 and T q 2 and a guard variable T q that are angles, then the controller is easily tuned on the basis of physical quantities; 2) The threshold T q 2 governs the level of sharing of the control authority: the greater is the threshold, the higher is the responsibility of the user (e.g., for T q 2 = 2π the braking system is never activated); 3) In the controller design the parameter q ∈ (T q 1 , T q 2 ) is used. Notice that the performance of the controller does not depend on q . The controller works equally for all q ∈ (T q 1 , T q 2 ), regardless of the value in this interval. Then q may be imposed to q = (T q 2 + T q 1 )/2 and therefore it does not require tuning; 4) The quantitiesθ cr = 2T q 2 and l cr = |δ −1 (T q 2 )| are used to establish the maximum distance and maximum orientation error that the controller guarantees; 5) To the best of the Authors's knowledge, the only solution in the literature that uses a hysteresis to perform path following with a passive vehicle with quantised inputs is [21] . However, the strategy [21] is based on an automaton that is more complex (it has three hybrid states and two independent hysteresis mechanisms based on six parameters without physical meaning) and does not provide performance measurable quantities as instead areθ cr and l cr .
B. Delay Compensation
If the controller is supposed to provide quantised inputs as in [19] - [21] , in a real experiment the system performance is worsened by the actuation delay. This actuation delay comes from the dynamic of the chosen actuator, i.e., the finite amount of time needed to supply/suspend the brake control current.
To deal with this problem, we propose a method to compensate the delay using a feedforward prediction scheme based on the curvilinear coordinates. In practice, the hybrid control ac-
where l p andθ p denote the predicted values of l andθ, respectively. The prediction is computed with a simple forward integration via Euler's method, i.e.,
where Δτ is the estimated actuation delay. The actuation delay is linked to the braking action, i.e., it is smaller than the settling time of the current since the vehicle begins to brake before the current reaches the commanded value. The prediction is computed by hypothesising a constant values of the control inputs v and ω, as reported in the next sections.
IV. SIMULATION RESULTS
The effectiveness of the proposed hybrid hysteresis controller is tested firstly in simulation. In the reported simulative results, the initial conditions are
• ] T , the actuation delay is set to Δτ = 100 ms and we set the hysteresis threshold to T q 2 = 40
• and T q 1 = 5
• . The approaching angle δ(l) is chosen as in (5) . The user's behaviour is simulated superimposing two different functions for the forward velocity v and the angular velocity ω. The implemented forward velocity v oscillates with amplitude of 0.5 m/s, has mean value of 1 m/s and frequency 0.3 Hz. The highly oscillating behaviour simulates a user that continuously slows down and accelerates, roughly emulating the effect of walking. Instead, the angular velocity, of relevance whenever no braking action is applied, is simulated with a low-pass filtered white noise, hence generating a random walk for the orientation θ in the reference model (1) .
We first present the results regarding the actuation delay by comparing the path tracked in the ideal case, i.e., when the actuation delay is not present (dotted line in Fig. 4) , with the paths tracked when the actuation delay is actually present.
Notice how the controlled paths solve the relaxed path following problem (3), i.e., l ∞ andθ ∞ are both greater than zero even in the ideal zero delay case to meet the requirements of the shared authority. Moreover, it is evident from Fig. 4 how the presence of the delay implies a more erratic and, hence, uncomfortable path following, while the compensation let the vehicle behave very close to the ideal situation. It is worthwhile to notice that the compensation strategy is robust with respect to the hypothesis of assumed constant forward velocity v. Finally, it has been observed that underestimating the delay generates a shorter number of braking actions of longer duration with respect to overestimating it. For user comfort, is then preferable the first choice.
To clarify the impact of the thresholds T q 1 and T q 2 on the achievable trajectories and related performance, we reported in Fig. 5 the results for different values of T q 2 when T q 1 = 5
• (indeed, modifying both of the thresholds simultaneously makes the comparison more difficult).
The figure reports the time evolution of the distance to the path with a set-up similar to Fig. 4 and the different values of l cr (horizontal lines, one for each choice of T q 2 ). The reported graph shows how the critical values can safely be adopted as (conservative) performance indices for the path following. Notice that decreasing the value of T q 2 (i.e., shifting the control authority to the robot) leads to a better approximation of the path (smaller errors), at the price of a higher number of braking actions. Similar results can be obtained for the orientation error θ cr , here omitted for space limits. Finally, Table I reports quantitative measures, i.e., number of braking actions and overall braking time, for the trajectories in the simulations of Fig. 5 .
The ratio between these two measures is also reported, i.e., mean braking time. As the authority of the control actions shifts toward the user (increasing T q 2 ) the number of control actions decreases but still we have an increasing mean braking time.
V. EXPERIMENTAL RESULTS
Two different sets of experiments are presented in this section. The first is conceived to prove the performance guarantees as stated in Theorem 2, i.e., that the actual vehicle enters and remains inside a bounded neighbourhood of the path regardless of the user's behaviour. To this end, able-bodied users with no information about the path to follow are considered. In the second set, the walker is equipped with a tablet acting as a standard navigator and the users are seniors. These experiments show that, in the real practice, the error bounds ensured by Theorem 2 can be satisfied with larger margin if the user properly cooperates. The subjects gave written informed consent approved by the University of Trento Institutional Review Board and by the ACANTO internal Review Panel.
A. Controller Performance Evaluation
The algorithm has been firstly tested on 14 individuals of both sexes aged 19 to 47. The testers have been required to push the vehicle forward to follow several paths passing around several obstacles. However the testers have not been informed on the shape of the paths. Since the testers can not be considered elderly, these experiments just prove the effectiveness of the controller to solve the path-following task via authority sharing. The experimental conditions are here subsumed:
1) The vehicle is endowed with rear electro-mechanical brakes, commanded with currents. Experimental evidence shows the a wheel is completely blocked if the current is at 250 mA. When the brake is not engaged, a minimum current of 30 mA is still provided since it remarkably reduces the settling time of the current albeit not perceived by the user; 2) The arena used for the experiments is equipped with 14 cameras Optitrack Prime used to sense the position of reflecting markers placed on the vehicle. The system measures the vehicle position with a nominal uncertainty around 1 mm. This accuracy is clearly much larger than the accuracy needed for the investigated application, which is usually in the order of some centimetres [25] . However, since the localisation noise is negligible, the obtained path following results only depend on the controller efficacy; 3) The testers have been informed that the vehicle steers by braking. In particular, each tester has been required to follow at least two paths, where the first path is used to briefly train the user on the robot behaviour. The reported results refer to the second trials; 4) The followed paths are generated using a path planner conceived to maximise human comfort [4] ; 5) The hysteresis thresholds have been set to T q 2 = 40
• (l cr = 0.96 m) and T q 1 = 5
• , the estimated actuation delay toΔτ = 100 ms and the approaching angle function is chosen as in (5). Examples of the path following experiments are reported in Fig. 6 .
In the figure, together with the reference path, the followed paths collected from four testers are reported. Again, the deviations from the planned reference trajectory comes from the relaxed path planning algorithm in (3) implementing the shared authority idea. The difference between the trajectories highlights the shared authority idea: whenever the user is in charge of the trajectory, he/she has his/her own individual behaviour. Remember that the path avoids the obstacles that are visible to the tester, hence he/she can exploit his/her control authority to maintain the vehicle far from the scene obstacles and then, probably, close to the path (which is unknown upfront). The time evolution of the desired and commanded brake currents for the test labelled "Test 1" in Fig. 6 is reported in Fig. 7 .
Notice the presence of the actuation delay that justifies the choice of the delay compensation strategy (15) . Notably, the path "Test 1" is followed with only six braking actions, therefore in practice the controller only suggests the direction of steering (left or right) in the crossroads made by the obstacles, due to the high awareness of the user. In "Test 3" of Fig. 6 , seven braking actions were needed. The additional braking action is applied since the user was distracted in the proximity of the last curve, hence the controller was activated once more to avoid the collision with the obstacle placed in the testing arena.
The reference path in Fig. 6 was used for eight tests. On average, the testers have walked for a distance of 29.84 m and the controller activated the brakes once every 3.87 m. The number of braking actions required to follow the path ranges from 6 to 10 with a mean of 8.13. These quantitative results show the efficacy of the shared authority idea. The experiments have shown also that one training test is needed with all the users. In fact, the first time a user experienced the guidance system, he/she was not confident. However, the users became confident after just one training test.
To conclude with the user's comfort, the users have all declared (as expected) that the guidance system feels to be uncomfortable during the transient when the braking system activates, but less when the braking action is constantly carried out. This feedback suggests that a combined performance index between the quantities reported in Table I is probably the best choice for user comfort and that it is better to underestimate the actuation delay. Nevertheless, the study proves the effectiveness of the proposed shared control authority algorithm and suggests to use the bang-bang actuation as a redundant safety system in combination with other guidance approaches.
B. Experiments With Seniors
The proposed control algorithm has been also tested on two users aged 60 and 70, with the presence of a tablet showing the real time position of the vehicle with respect to the path. Each tester has been required to perform three tests: 1) Following the path with the tablet only: in this test the actuation system of the vehicle is never activated, hence the resulting accuracy depends completely on the user; 2) Following the path with the guidance system but without the tablet: the user is helped in following the path by the proposed algorithm but he/she is not aware of the position of the vehicle with respect to the desired path; 3) Following the path with the guidance system and the tablet: the user is helped in the path following task by the proposed algorithm and he/she visualises the position of the vehicle with respect to the desired path on the tablet. The path following errors are reported in Table II , where the value of the tolerance set in the experiments is T q 2 = 40
• hence l cr = 0.96 meters, and the mean and the maximum values of |l| are computed after the approaching phase (i.e., after T q ≤ T q 2 ). If the guidance system is disengaged ("Tablet only" case), the user does not manage to maintain the error under the value l cr = 0.96 m. This happens since, to properly follow the path with small errors, the user should always remain concentrated on the tablet without looking at the environment (improbable even for young users). Similarly to the simulation results of Fig. 5 , the proposed algorithm ensures that the error is reduced and maintained below the threshold l cr . It is important to notice from Table II that, when the authority sharing paradigm is applied (cases "Guidance only" and "Tablet + Guidance"), the tablet improves the following performance. Moreover the users have declared that the comfort is improved by the help of the table since the vehicle intervention is much easier to predict.
VI. CONCLUSION
In this letter we have presented a viable solution to shared control authority between a human and a passive service robot for path following problems using low-cost components. Following a user-centric control paradigm, the authority sharing is easily tuned by means of a single parameter, which also have an impact on the user perceived comfort and on the conservative upper bounds on the path following performance. Our solution is based on a hybrid controller and, by means of robust actuation delay compensation, can be used in actual systems. Although based on a very rough actuation paradigm, a set of experiments in the field have shown the effectiveness of the proposed approach.
Future developments will concentrate on the experimental validation with a larger number of actual end-users of this technology, i.e., the seniors, as well as on the synergistic use of this technology with other support systems, e.g. haptic and auditory feedback, in addition to the visual help of the tablet.
